This paper presents the modelling, design, fabrication and characterization of flow sensors based on the wind-receptor hairs of crickets. Cricket sensory hairs are highly sensitive to drag-forces exerted on the hair shaft. Artificial sensory hairs have been realized in SU-8 on suspended Si x N y membranes. The movement of the membranes is detected capacitively. Capacitance versus voltage, frequency dependence and directional sensitivity measurements have been successfully carried out on fabricated sensor arrays, showing the viability of the concept.
Introduction
In nature, it is of utmost importance to be able to detect approaching predators. Crickets have achieved this by evolving sensitive mechanoreceptive sensory hairs. These socalled filiform hairs are sensitive to low-frequency sound.
The sensory hairs of the cricket are situated on the back of the cricket's body on appendices called cerci. For the Nemobius Sylvestris, the hairs vary in length up to around 1 mm, with a bimodal distribution with concentrations around 150 µm and 750 µm [3] . Each hair is lodged in a socket, guiding the hair to move in a preferred direction. The hair is held in its socket by an elastic material surrounding the base. Airflow causes a neuron to be fired, by rotation of the hair base (figure 1). The cricket is able to pinpoint low-frequency sound from any given direction, by using the combined neural information of all sensory hairs [4] .
It is the aim of this work to learn from these naturally made sensors and to produce comparable structures using MEMS technology. Several groups have worked on the realization of artificial hairs for flow sensing [5] [6] [7] [8] [9] . Two basic types of artificial hairs can be distinguished, namely hairs fabricated in the wafer plane and hairs fabricated perpendicular to the wafer plane. Fabrication of hairs in the wafer plane is most straightforward since surface micromachining techniques can be used [5] . However, surface-micromachined hairs cannot easily be combined into high-density arrays. Li et al proposed to use the so-called plastic deformation magnetic assembly (PDMA) method to erect the hairs out of the wafer plane [6] [7] [8] [9] . In the PDMA process, a magnetic field is used to bend surface-micromachined beams. The beams are plastically deformed, so that they remain bent after the magnetic field is removed.
Our research is focused on fabrication of SU-8 photoresist hairs perpendicular to the wafer surface. The hairs are realized, with relative ease, on top of sacrificial poly-silicon based surface-micromachined read-out structures.
Modelling of natural sensory hairs
The mechanics of the sensory hairs of crickets has been modelled extensively [1, 2] . Figure 2 shows the model of a filiform hair as an inverted pendulum. This can be described by a second-order mechanical system, which is fully determined by the spring constant K ϑ , the moment of inertia J and the torsional resistance R. Typical values for cricket filiform hairs with a length of 200 µm are K ϑ ≈ 10 −12 N m rad −1 , J ≈ 5 × 10 −21 kg m 2 and R ≈ 10 −16 N m s rad −1 [1] . This gives a critically damped system with a damping coefficient of 0.7. Resonance frequencies of filiform hairs are in the range of 85-500 Hz. Impedance matching between the torsional resistance R and the drag resistance on the hair has allowed for maximum energy transfer, hence optimized sensitivity of the sensory hairs [1] .
The filiform hairs are deflected by drag-forces on the hair shaft, due to airflow surrounding the cercus. The boundary layer velocity profile for a flat surface is given by [1, 2] 
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Air motion (1) β = ω 2ν with ν being the kinematic viscosity, x the distance from the surface and ω the angular frequency of the harmonically oscillating flow. Figure 3 (a) reveals the shape of the boundary layer, calculated at a few instances during one period of oscillation. The boundary layer thickness depends on β −1 , which means that the boundary layer is thicker at lower frequencies. . The data were obtained with a particle image velocimetry (PIV) setup. Small flow disturbances were present during the measurement.
The total torque on the filiform hair can be calculated by integrating the drag along the hair. The drag-forces can be determined by Oseen's drag-force approximation [1] : with µ being the dynamic viscosity, a being the radius of the hair and γ being Euler's constant. Figure 4 shows the calculated drag-torque dependence on frequency for a cylinder with a diameter of 20 µm of varying length. Note that the drag-torque increases approximately proportionally to the hair length cubed L 0 −3 , when L 0 < β −1 . The drag-torque shows a high-pass frequency response to the free-stream velocity, with drag-torques up to 10 −10 N m. The total response, including the mechanical response of the sensor, shows a band-pass behaviour. The many filiform hairs on the cricket's cerci vary in their band-pass behaviour, because the mechanical properties and drag-torque are dependent on the hair length.
By combining many different filiform hairs, the cricket is able to create a sensitive sensory system, which has a relatively broad frequency spectrum [3] .
Artificial sensory hairs

Design
The main sensor part consists of an artificial hair with dimensions similar to the sensory hairs found on crickets. Capacitive read-out is used to detect the movement of the hair, by using electrodes on a membrane that is attached to the base of the hair. Two electrodes are required to distinguish between rotation and translation normal to the substrate. Arrays of sensor structures were designed to increase the total capacitance value and thereby the overall sensitivity.
Just like the natural hair, the artificial hair will move due to the drag-force exerted on the hair shaft by airflow. The suspension should be sufficiently weak in order to obtain relatively high sensitivity at maximum flow rate. Two types of suspensions were designed. In one design, spirals run around the circumference of a membrane, resulting in long, and, therefore, relatively weak suspension springs. A torsional suspension has been chosen as a second type of suspension. Figure 5 shows the basic structure of a torsional-suspended sensory hair with capacitive read-out. The structure can be described by a three-port transducer model. The model has two mechanical ports describing rotation and translation of the structure. Parallel plate capacitors are formed by the electrodes on the movable plate and by a counter electrode below the movable plate. This accounts for the third, electrical, port in the transducer model. The free energy of the transducer is given by
Modelling
K ϑ accounts for the torsional spring stiffness of the suspension springs and K z accounts for the translational spring stiffness. It is assumed that translational and rotational springs are linear and independent of one another. Force balance and torque balance equations are obtained by differentiation of equation (3) with respect to ϑ and z:
T drag enters the equation as the driving force for rotation. Since no analytical expressions were available for C(ϑ, z), equations (4) were numerically solved. K z was calculated from the deflection curve of a beam clamped on both sides, with a point load at the centre of the beam. K ϑ was calculated by using Saint-Venant's approximation for a beam under torsion. Figure 6 shows the calculated capacitance as a function of a time-independent drag-torque on the hair for a single torsional-suspended sensor with a plate diameter of 200 µm and a gap distance of 2 µm for several applied voltages. Figure 7 shows calculated C-V curves for the same device, with no drag-force applied. Both C-V curves for actuating one of the two electrodes and complete actuation of both electrodes on the device are shown. 
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Bulk-Si bottom contact Figure 8 shows a schematic drawing of the sensor structure. Processing starts with a highly conductive silicon wafer, since the substrate is used as a common electrode for capacitive read-out. A 100 nm thin silicon-nitride layer is deposited by LPCVD, for the protection of the substrate during etching of the sacrificial layer. Later on, a 1 µm sacrificial poly-silicon layer is deposited by LPCVD and patterned to form etchstop trenches. A second, 1 µm thick silicon-nitride layer is deposited and patterned to form the membranes and suspension springs, followed by sputtering of a 20 nm chromium layer. The thin chromium layer ensures low stress curvature of the membrane after release. It results, however, in large resistances of the connections to the devices in the array. A layer of SU-8 photoresist is spin-coated on the wafer surface. The SU-8 resist is illuminated and developed to create artificial hairs. Processing is completed by dry etching of the sacrificial layer, thereby releasing the sensor structures, without affecting the SU-8 hairs ( figure 9 ). Figure 10 shows an array of spiral-suspended sensory hairs with SU-8 hairs of 470 µm. The realization of SU-8 hairs on top of the sensor structure was achieved with high yield in a relatively simple fabrication process.
Realization
A disadvantage of SU-8 hairs is that the hair length is always the same on a given substrate, except when multiple layers of SU-8 are used. It is possible, however, to vary the diameter of the artificial hairs, which can be used alternatively to vary the amount of drag-force on the hair and the resonance frequency. Figure 11 shows a height map of torsional-suspended read-out structures, obtained by scanning white light interferometry. Due to stress, a deflection of 2 µm can be seen at the edge of the membranes.
Measurements
C-V measurements were done for electrical characterization of the devices, using an HP 4194A impedance analyser. Two types of measurements were performed. First, the bias voltage was applied to all electrodes on the device. This gives a symmetric electrostatic force towards the silicon bulk and therefore a downward translation. Second, the bias voltage was applied to only half of the electrodes on the device. This results in both rotation and translation of the device. Figure 12 shows C-V measurement results. The effect of translational and rotational movements can be observed in the change in capacitance. It can be seen that the capacitance change for spiral-suspended sensors is slightly smaller when only half of the device is actuated.
This means that the device translates more easily than it rotates. Torsional-suspended sensors show an opposite behaviour in that the changes in capacitance are smaller when the device is completely actuated.
Characterization with oscillatory acoustic flows was done using capacitive amplitude modulation of two 1 MHz electrical signals. The electrical signals need to be taken in phase to acquire a common-mode translational signal from the sensor. A differential-mode rotational signal is acquired when the electrical signals are taken 180
• out of phase (figure 13). The AM signal from the sensor is amplified and demodulated by the charge amplifier and synchronous detector. The resulting signal is fed to a lock-in amplifier, which is used to lock-in on the frequency of the LF signal source.
The flow source, a loudspeaker combined with a tube, was used to compare the frequency response measured with the artificial sensory hairs, applying a differential-mode measurement, to a frequency response measured with a reference particle velocity sensor [10] . Figure 14 shows that the flow source gives maximum output at 75 Hz, as measured by both sensors. Both measurements were normalized to the amplitude obtained at 41 Hz.
Directional flow-sensitivity measurements have been carried out by rotating arrays of artificial sensory hairs using a stepper-motor, with flow amplitudes estimated to be in the range 0.1-1 m s −1 . The lock-in amplifier measures an amplitude and phase angle for each rotation angle φ of the figure 15(a) ), showing that the sensor has a preferred direction of sensitivity. A sharp transition can be observed in the phase at rotation angles roughly 0
• and 180 • in figure 15(b) ; this is where the flow direction over the electrodes changes sign. Figure 16 shows the results of a common-mode translational measurement on the same array of hair sensors, under similar measurement conditions. Both amplitude and phase show that the common-mode signal is independent of the angle φ, which indicates that translational movements of the membrane are independent of the flow direction.
Comparing figure 15(a) with 16(a) clearly indicates that the sensors primarily operate as intended, since the output of the rotational measurement is about ten times higher than the translational measurement.
Discussion and conclusions
It has been shown that it is possible to fabricate SU-8 based artificial sensory hairs with capacitive read-out structures. Capacitive measurements confirm that torsional-suspended sensors are stiffer for translation than for rotation, in contrast to spiral-suspended sensors. Torsional suspension is therefore preferred over spiral suspension. Directional flow-sensitivity measurements show that mechanical suspension and the position of the electrodes result in a preferred directional sensitivity of the sensors to airflow. Differential-mode and common-mode measurements clearly show sensitivity of the devices to drag-forces exerted on the artificial hairs, resulting in rotation of the sensor structures.
Fabricated artificial sensory hairs are not as sensitive as natural cricket sensory hairs. In future work, sensitivity will be increased by using separate counter electrodes under the electrodes on the membrane, eliminating parasitic capacitances. Further increase in sensitivity can be gained by increasing the hair length up to 1 mm by double spin coating of SU-8 layers. This will effectively bring the hairs out of the boundary layer, giving much higher torques on the artificial hairs.
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